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ABSTRACT
We present evidence for photometric transits of the low-mass planet HD 97658b across the disk
of its host star, an early K dwarf. This planet was previously discovered in radial velocities (RVs)
from Keck/HIRES as part of the Eta-Earth Survey. Using photometry from the Automated Pho-
tometric Telescopes at Fairborn Observatory, we detected four separate planetary egress events at
times predicted from the RV orbit. We measured a transit depth of 1470 ± 260 ppm, a result that
should be confirmed and refined with space-based photometry. We also collected additional Keck-
HIRES RV measurements that refined the transit ephemeris and planet mass. With an orbital period
of 9.4957 ± 0.0022 days, HD 97658b is a close-in planet that had been classified as a ‘super-Earth’
based on its mass of 6.4± 0.7 M⊕. However, the planet radius of 2.93± 0.28 R⊕ implies a density of
1.40+0.53
−0.36 g cm
−3 and suggests ‘sub-Neptune’ status. The low density can be explained by an extended
atmosphere of volatiles such as hydrogen, helium, and water. HD 97658b is similar to GJ 1214b in
mass, radius, and density, although HD 97658b has a higher equilibrium temperature of 510–720 K.
The star HD 97658 (V = 7.8, K = 5.7) is among the brightest known to host a transiting planet,
which will facilitate detailed follow-up measurements.
Subject headings: planetary systems — planets and satellites: formation, interior — stars: individual
(HD 97658) — techniques: photometric
1. INTRODUCTION
Transiting planets offer the opportunity to measure
the physical properties of other worlds. Measurements
of a planet’s radius from transit photometry and mass
from radial velocities (RVs) or transit time variations
(TTVs) yield a planet’s density, from which a bulk com-
position can be inferred or constrained. Transiting plan-
ets that orbit bright stars can be studied in great de-
tail. For such planets, primary and secondary eclipse
spectroscopy, phase curves, and timing measurements re-
veal details of the physical composition and evolutionary
state. Because most transiting planets are discovered by
field surveys of faint stars, such well-studied planets are
rare.
Planets of approximately Neptune-size and smaller are
among the most sought after because of their great diver-
sity in composition and because they are a step toward
studying Earth-size planets. Among the “super-Earths”
(Mp < 10 M⊕), measured densities span a factor of
nearly 20. The most dense is Kepler-10b, a rock/iron
world with a density of 9 g cm−3 (Batalha et al. 2011).
At the other end of the spectrum, the low density of 0.5
g cm−3 for Kepler-11e can only be accounted for with
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a substantial gas envelope (Lissauer et al. 2011). To
date, only two transiting super-Earths (GJ 1214b and
55 Cnc e) have been discovered orbiting nearby stars,
although measurements from Kepler demonstrate that
close-in, sub-Neptune size worlds are more than an or-
der of magnitude more common than Jovian planets
(Borucki et al. 2011; Howard et al. 2011a).
The Eta-Earth Survey (Howard et al. 2010) is one
of several RV planet searches by the California Planet
Search (CPS) group using the HIRES spectrometer
(Vogt et al. 1994) on the Keck I telescope. With this
survey of 235 nearby, bright GKM dwarfs, we have
detected several super-Earth and Neptune-mass plan-
ets (e.g. Howard et al. 2009, 2011b,c) and have shown
that the planet mass function rises steeply down to 3
M⊕ (Howard et al. 2010). One of the planets discov-
ered through this survey is HD 97658b, which was es-
timated to have an orbital period of 9.494 ± 0.005 days
and a minimum mass of 8.2 ± 1.2 M⊕ (Howard et al.
2011c). As with most planets discovered at Keck, we
made photometric measurements using the Automated
Photometric Telescopes (APTs) at Fairborn Observa-
tory (Eaton et al. 2003). These measurements can de-
tect long-term magnetic cycles (e.g., Henry et al. 1995a),
short-term rotational modulation of active regions (e.g.,
Henry et al. 1995b), and can rule out a spurious RV de-
tection due to rotational modulation of starspot activity
(Henry et al. 2000a). For close-in, RV-discovered plan-
ets with relatively high transit probabilities and accu-
rate ephemerides, we also search for planetary transits
in the light curves after phase-folding to the RV orbit
(e.g., Henry et al. 2000b; Sato et al. 2005). In the case of
HD 97658, the 318 APT measurements taken over three
years were too sparse to place strong limits on transits
of the planet (Howard et al. 2011c).
Since the publication of that discovery paper, we have
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undertaken a dedicated campaign to detect or rule out
transits of HD 97658b. In this paper we present new,
high-cadence photometry demonstrating that HD 97658b
transits its host star. In the next section we describe
the photometric and RV measurements. We model these
measurements in Section 3 to estimate planet properties
and conclude in Section 4 with a brief discussion.
2. MEASUREMENTS
2.1. APT Photometry and Transit Detection
We made high cadence photometric measurements of
HD 97658 with the goal of detecting or ruling out plan-
etary transits, which have a 4% geometric probability.
We used two functionally identical APTs, the T12 and
the T8, each 0.8 m in diameter and equipped with a
two-channel photometer (Henry 1999). These photome-
ters each use two EMI 9124QB bi-alkali photomultiplier
tubes to make simultaneous measurements of one star
in the Stro¨mgren b and y passbands. We made al-
ternating measurements of HD 97658 and the compar-
ison star HD99518 (V = 7.71, B − V = 0.343, F0)
and combined the b and y differential magnitudes into
∆(b + y)/2 measurements (Table 1). The uncertainties
listed are the standard deviations of the measurements
on each night after subtracting a best-fit, box-shaped
transit model. These uncertainties are approximately√
3 higher than for once-per-night monitoring observa-
tions with the APTs (as in Howard et al. (2011c)), which
are the average of three consecutive differential measure-
ments. The 931 measurements here are from eight sep-
arate nights and have a cadence of approximately one
differential measurement every 2.5 min. In the analy-
sis that follows, we assumed that the comparison star is
constant to within photon statistics and we constructed
models based on the relative flux of HD 97658 instead
of ∆(b + y)/2 differential magnitudes. In these models
and the accompanying figures, we allowed for small pho-
tometric offsets from night to night.
Observing conditions were mostly favorable at Fair-
born Observatory. The APT observations on each night
started just after evening twilight and continued until the
star reached airmass 1.9–2.0. The only breaks were a ∼2
hour gap on JD 2,455,650 and a one hour delayed start on
JD 2,455,669, both due to clouds. The photometric pre-
cision was typical for APT measurements in the spring,
although it was slightly lower and more variable from
night to night than under the best observing conditions
in winter when the atmosphere is most transparent.
The first night of new APT observations was JD
2,455,650, during which Howard et al. (2011c) predicted
a transit (assuming edge-on orbital orientation) based
on the ephemeris P = 9.494 ± 0.005 days and Tc =
2,455,375.01 ± 0.64. The photometry (Figure 1, top
panel) shows a small discontinuity before and after the
gap in continuous coverage due to clouds. This change
in brightness of +1100± 560 parts per million (ppm) is
small and statistically insignificant by itself, but is con-
sistent with HD 97658b being in-transit during the first
∼2 hr that night and out-of-transit afterwards.
With an orbital period of nearly 9.5 days, alternat-
ing transits of HD 97658b are visible from a particular
site every 19 days at nearly the same time of night. We
observed the target on three additional nights with pre-
Table 1
Photometric Measurements
JD – 2,440,000 Maga σMag Telescope Note
b
15650.6106 0.1742 0.0030 T12 T
15650.6124 0.1822 0.0030 T12 T
15650.6141 0.1735 0.0030 T12 T
15650.6175 0.1727 0.0030 T12 T
15650.6191 0.1816 0.0030 T12 T
15650.6208 0.1817 0.0030 T12 T
. . .
a Photometric measurements are expressed in magni-
tudes in the ∆(b+ y)/2 passband with respect to a com-
parison star.
b Measurements on nights with expected transits are la-
beled “T” and those on nights when the planet is pre-
dicted not to transit are labeled “NT”.
c This table will be available in its entirety in a machine-
readable form in the online journal. A portion is shown
here for guidance regarding its form and content.
Table 2
Photometric offset at JDF 0.72
Photometric offset (ppm)
Date(s) at JDF 0.72
Nights with a predicted transit:
JD 2,455,650 +1100 ± 560
JD 2,455,669 +2380 ± 700
JD 2,455,688 +1880 ± 720
JD 2,455,707 (T12) +2320 ± 640
JD 2,455,707 (T8) +1550 ± 520
All in-transit nights +1460 ± 270
Nights predicted not to transit:
JD 2,455,693 −590± 750
JD 2,455,694 +880± 690
JD 2,455,705 +2010 ± 1080
JD 2,455,706 −120± 860
All out-of-transit nights +390± 400
dicted transits (Figure 1, bottom four panels). On JD
2,455,707 we made simultaneous measurements with two
APTs, the T12 used for all previous measurements and
the T8. We identified photometric discontinuities in each
of the light curves at a consistent time each night, ap-
proximately Julian Day Fraction (JDF) 0.72. The dif-
ference in mean brightness before and after JDF 0.72 is
measured with 2–3.5 σ significance in each of the five
light curves. Measurements after JDF 0.72 were system-
atically higher by the amounts listed in Table 2. These
offsets can been seen in Figure 1 as the clouds of points
shifting higher after JDF 0.72. Collectively, the five light
curves show an offset of +1460± 270 ppm at JDF 0.72
with 5.5-σ significance. The times of egress measured for
each light curve are consist with the prediction from the
RV ephemeris to within 1-σ.
We considered two explanations for the photometric
discontinuity at JDF 0.72. While it is consistent with the
detection of transit egress, a more mundane possibility is
an instrumental or atmospheric effect occurring at nearly
the same time every night. Hypothetically, such an effect
could be related to falling ambient temperature or rising
airmass that differentially affects the measurements of
HD 97658 and its comparison star. While we have not
observed such a spurious photometric offset with APT
observations of other stars, we checked for it with this
star by observing on four additional nights when tran-
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Figure 1. APT photometry of HD 97658 (open circles) from four
nights with predicted transits. The dashed vertical line at JDF 0.72
marks the time of night used to compute the photometric offsets
that are detected at the 2–3.5-σ level in each light curve (Table 2).
The solid lines show the best-fitting limb-darkened transit model
(see Section 3). Alternating transits repeat nearly every 19.0 days
because the orbital period is 9.4957 ± 0.0022 days. The measure-
ments in these five panels are shown phased with the orbital period
in Figure 4. All data are from the T12 APT, except for the bottom
panel which are from the T8 APT.
sits were not predicted. These measurements (Figure 2)
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Figure 2. APT photometry of HD 97658 (open circles) from four
nights when transits were not predicted. The dashed vertical line at
JDF 0.72 marks the time of night used to compute the photomet-
ric offsets in each light curve (Table 2). In contrast with the light
curves from nights with predicted transits (Figure 1) that show
photometric offsets at JDF 0.72 that are consistent with transit
egress, these light curves are consistent with a constant photomet-
ric model (solid lines). The measurements in these four panels are
stacked in Figure 4.
were identical in setup, observing cadence, and compar-
ison star to the observations during which transits were
predicted and tentatively detected. As listed in Table 2,
measurements before and after JDF 0.72 show no dis-
cernible offset. On each night the computed offset at
JDF 0.72 is consistent with zero at the 2–σ level. Col-
lectively, the offset of +390 ± 400 ppm in all four light
curves is consistent with zero. If the offset was due to
an environmental or instrumental affect at a particular
time of night it should affect equally the light curves on
nights with and without predicted transits, but this was
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Figure 3. Phased APT photometry of HD 97658 from four nights
with predicted transits. The data and symbol colors are the same
as in Figure 1. The best-fitting limb-darkened transit model (Sec-
tion 3) is overplotted by a solid line. Binned measurements (open
square symbols) are averaged in 0.03 day intervals. Binned errors
(vertical lines) are the uncertainties of the mean of binned mea-
surements.
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Figure 4. Stacked APT photometry of HD 97658 from four nights
when transits were not predicted. The data and symbol colors are
the same as in Figure 2. Binned measurements were computed
as in Figure 3. If the transit egress features detected on nights
with predicted transits (Figures 1 and 3) were an instrumental or
atmospheric effect, we would expect a reduction in brightness of
∼1500 ppm for measurements before JDF ≈ 0.72 (dashed vertical
line), which is not seen.
not observed. For visual comparison, the phased transit
photometry from all four nights is plotted in Figure 3
and the stacked photometry from non-transit nights is
shown in Figure 4.
In summary, we detected a small photometric discon-
tinuity in five light curves on nights with predicted tran-
sits, but failed to detect the discontinuity on four addi-
tional nights of identical observations when the planet
was predicted not to transit. We interpret the repeating
photometric discontinuities as transit egress.
2.2. HIRES Spectroscopy
Howard et al. (2011c) announced the discovery of
HD 97658b based on 96 Keck-HIRES RVs. In the past
10 months we made 52 additional measurements with
Table 3
Radial Velocities and SHK values for HD97658
Radial Velocity Uncertainty
BJD – 2,440,000 (m s−1) (m s−1) SHK
13398.04102 8.08 0.67 0.1970
13748.03499 5.50 0.73 0.1900
13806.96227 3.17 0.72 0.1870
14085.15886 −4.16 0.80 0.1785
14246.87901 −1.62 0.73 0.1760
. . .
a This table will be available in its entirety in a machine-
readable form in the online journal. A portion is shown here
for guidance regarding its form and content.
HIRES. We also recorded a series of five “template” spec-
tra without the iodine cell and with the 0.57 arcsec wide
“E2” decker. (All other HIRES observations were made
with the 0.86 arcsec wide “B5” decker.) This narrow
slit permitted a more accurate measurement of the spec-
trometer PSF during B star observations that bracket
the template observations. This in turn reduced system-
atic errors during deconvolution of the stellar template
and improved the accuracy of all RV measurements and
the estimation of planetary parameters. We modeled
the 148 spectra using standard procedures (Butler et al.
1996) as described in Howard et al. (2011c). The result-
ing RVs and SHK measurements of the Ca II H & K lines
(Isaacson & Fischer 2010) are listed in Table 3.
In Section 3 we will fit the Keck RVs and APT pho-
tometry with a self-consistent model. Prior to this we
checked the ephemeris of Howard et al. (2011c) by fit-
ting the RVs to a single-planet Keplerian model with no
constraints from the photometry. We first verified the
single-planet solution by searching over a wide range of
orbital periods using the partially-linearized technique of
Wright & Howard (2009). To quantify the best-fit solu-
tion, we used a Markov Chain Monte Carlo (MCMC) al-
gorithm (Ford 2005, 2006) and report the median, 84.1%,
and 15.9% levels of the marginalized posterior distribu-
tions. The likelihood was taken to be e−χ
2/2, where
χ2 is the usual sum of the standardized residuals be-
tween the observed and calculated RVs. We adopted
a Gregory eccentricity prior (Gregory & Fischer 2010)
and non-informative priors on other parameters. We ex-
cluded three outliers that were ≥7 m s−1 from the best-
fit model that has a residual RMS of 2.31 m s−1 with
the remaining measurements. Our analysis reveals a
slightly lower mass of 6.5 ± 0.7 M⊕ and a more accu-
rate transit ephemeris (P = 9.4922 ± 0.0025, Tc = JD
2,455,650.29 ± 0.43) than in Howard et al. (2011c). The
MCMC analysis is consistent with a circular orbit and
excludes e > 0.29 with 95% confidence.
We also used the five new, higher resolution iodine-
free spectra from Keck-HIRES to check the stellar pa-
rameters reported in Howard et al. (2011c). An accurate
estimate of the stellar radius, R⋆, is particularly impor-
tant as errors propagate directly to the planet radius, Rp.
As in Howard et al. (2011c), we used Spectroscopy Made
Easy (SME; Valenti & Piskunov 1996; Valenti & Fischer
2005) to model the spectra. We further constrained sur-
face gravity using Yonsei-Yale (Y2) stellar structure mod-
els (Demarque et al. 2004) and revised Hipparcos paral-
laxes (van Leeuwen 2007) using the iterative method of
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Table 4
Stellar and Planetary Properties
Parameter Value Source
Photometric properties
MV (mag) 6.27 ± 0.10 Tycho + Hipparcos
B − V (mag) 0.843 ± 0.022 Tycho
V (mag) 7.762 ± 0.012 Tycho
J (mag) 6.203 ± 0.023 2MASS
H (mag) 5.821 ± 0.017 2MASS
K (mag) 5.734 ± 0.018 2MASS
Stellar properties
MK spectral type K1V Gray et al. (2003)
Distance (pc) 21.1 ± 0.33 Hipparcos
Effective temperature, Teff (K) 5119 ± 44 SME
a
Surface gravity, log g 4.52 ± 0.06 SME
Iron abundance, [Fe/H] −0.30± 0.03 SME
Projected rotational velocity, vrot sin irot (km s−1) 0.48 ± 0.50 SME
Rotational velocity, vrot (km s−1) 0.92 ± 0.05 SHK time series
Rotational period, Prot (days) 38.5± 1.0 SHK time series
Luminosity, L⋆ (L⊙) 0.30 ± 0.02 Y2+ SME b
Mass, M⋆ (M⊙) 0.75 ± 0.02 Y2+ SME
Radius, R⋆ (R⊙) 0.70 ± 0.02 Y2+ SME
Age (Gyr) 7.0± 4.4 Y2+ SME
Age (Gyr) 5.8± 1.0 logR′HK calibration
Age (Gyr) 6.1± 0.7 Prot calibration
Orbital and photometric properties
Orbital period, P (days) 9.4957 ± 0.0022 RV + photometry model c
Time of transit, Tc JD 2,455,650.681 ± 0.012 RV + photometry model
Eccentricity, e 0.13+0.07
−0.06 RV + photometry model
Longitude of pericenter, ω (deg) 192+46
−60 RV + photometry model
e cos ω −0.09± 0.06 RV + photometry model
e sinω −0.02± 0.10 RV + photometry model
Doppler semi-amplitude, K (m s−1) 2.36 ± 0.27 RV + photometry model
Transit depth, (Rp/R⋆)2 (ppm) 1470 ± 260 RV + photometry model
Scaled planet radius, Rp/R⋆ 0.0384 ± 0.0034 RV + photometry model
Scaled semi-major axis, a/R⋆ 20.7
+3.0
−1.6 RV + photometry model
Derived properties
Planet mass, Mp (M⊕) 6.4± 0.7 RV + photometry model
Planet radius, Rp (R⊕) 2.93 ± 0.28 RV + photometry model
Planet density, ρp (g cm−3) 1.40
+0.53
−0.36 RV + photometry model
Orbital inclination, i (deg) 90.0± 1.0 RV + photometry model
Impact parameter, b 0.29+0.24
−0.20 RV + photometry model
Orbital distance, a (AU) 0.0797 ± 0.0007 RV + photometry model
Equilibrium temperature, Teq (K), for A = 0–0.75 510–720 RV + photometry model
a SME = “Spectroscopy Made Easy” package for the analysis of high-resolution spectra. These parameters rely primarily
on SME, but have a small dependence on an iterative analysis incorporating an isochrone search (Valenti et al. 2009).
b Y2+ SME = Based on the Yonsei-Yale isochrones with iterative refinements from SME.
c Simultaneous model of Keck RVs spanning seven years and APT photometry from four nights with predicted transits.
Some parameters are constrained primarily by one dataset. See Section 3 for details.
Valenti et al. (2009). The stellar parameters listed in
Table 4 are consistent to within 2-σ of the parameters
in Howard et al. (2011c). We checked that the standard
deviations of the stellar parameters separately estimated
from the five spectra are smaller than the standard SME
errors (Valenti & Fischer 2005) listed in Table 4, which
encompass additional sources of uncertainty. For refer-
ence, Table 4 also lists the spectral type, distance from
Hipparcos (van Leeuwen 2007), optical photometry from
Tycho (Perryman et al. 1997; Bessell 2000), and near-IR
photometry from 2MASS (Cutri et al. 2003).
In addition, we used the HIRES spectra to measure the
stellar rotation period. In Howard et al. (2011c) we were
unable to detect rotational modulation of stellar surface
features in three years of APT photometry. However, us-
ing the SHK time series based on Ca II H & K measure-
ments from HIRES spectra (Table 3; Isaacson & Fischer
2010) we detected two sources of variability. The first is
a long-term magnetic activity cycle with a period of at
least 6 years (the span of our HIRES measurements). We
subtracted off this long term signal and examined only
the high-cadence SHK time series from JD 2,451,000 on-
ward (the past ∼2 years). A periodogram of these data
reveal a strong peak at 38.5± 1.0 days, which we inter-
pret as the stellar rotation period. This period implies
an age of 6.1 ± 0.7 Gyr using the Barnes (2007) rela-
tion with refinement by Mamajek & Hillenbrand (2008).
This is consistent with other ages estimates (see Table 4)
based on logR′HK calibration (Mamajek & Hillenbrand
2008) and isochrone-SME fitting (Valenti & Fischer
2005; Valenti et al. 2009).
3. ANALYSIS AND PLANET PROPERTIES
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Figure 5. RVmeasurements (red filled circles) phased to the best-
fit orbital period and phase of the joint RV-photometric model
(Section 3). The best-fit model is overplotted as a black line.
RV measurements are binned in 0.1 phase intervals (black open
squares) and have an RMS to the model of 0.33 ms−1. Dashed
vertical lines mark transit ingress and egress.
Having established that transits were detected in the
previous section, we now estimate planet properties by
simultaneously modeling the APT photometry as a limb-
darkened transit light curve and the Keck RVs as a
single-planet Keplerian function. We adopted the non-
linear limb darkening model and code by Mandel & Agol
(2002). The limb darkening coefficients, c1−4 = {0.6809,
−0.7372, 1.4522,−0.5040}, are the mean of the b and
y passband coefficients for Phoenix stellar atmosphere
models of the nearest grid point (Teff = 5200 K, log g =
4.5, [Fe/H]= 0.0, VT = 2.0) of stellar parameters (Claret
2000). Because of the small S/N for the transit depth, we
fixed the limb darkening prescription, although compari-
son with the transit depth measured using a box-shaped
model suggests that this assumption does not dominate
the error budget.
In our model the Keplerian orbital parameters P , Tc,
e cosω, and e sinω were self-consistently constrained by
both datasets. The remaining parameters were con-
strained by only the RVs (Doppler semi-amplitude K
and RV offset γ) or the photometry (Rp/R⋆, a/R⋆, or-
bital inclination i, and an offset for photometry on every
night with a predicted transit). We explored the param-
eter uncertainties and correlations with an MCMC algo-
rithm (Ford 2005, 2006) and report the median, 84.1%,
and 15.9% levels of the marginalized posterior distribu-
tions of the planet parameters (Table 4). To compute the
planet’s mass and radius we adopted the stellar mass and
radius derived from SME analysis of five HIRES spectra
(Table 4). The best-fit photometric and RV models are
shown in Figures 3 and 5.
The key results are that the transit is detected with a
fractional depth uncertainty of 5.5 and that the radius of
2.93± 0.28 R⊕ is large for a planet of mass of 6.4 ± 0.7
M⊕, implying a low density of 1.40
+0.53
−0.36g cm
−3. The
transit ephemeris from this joint analysis is consistent
with but substantially more precise than the ephemeris
from the RV-only model.
4. DISCUSSION
We have detected four transits of the planet HD 97658b
using APT photometry. One of the transits was observed
by two telescopes. Because of the nearly 9.5 day orbital
period of this RV-discovered planet, alternating transits
repeat at a given site at nearly the same time of night
every 19 days. As a result, we detected egress but not
ingress of four alternating transits. In each light curve
egress is detected with 2 to 3.5-σ confidence, but col-
lectively these add to give 5.5-σ confidence in the transit
detection. We also observed the star with the same setup
on four nights when transits were not predicted. Non-
detection of egress-like features on these nights confirmed
the transit detections on the nights when they were pre-
dicted.
From the APT photometry we measured (Rp/R⋆)
2 =
1470±260 ppm from which we inferred a planet radius of
2.93± 0.28 R⊕. Combined with the revised planet mass
of 6.4 ± 0.7 M⊕, the density is 1.40+0.53−0.36 g cm−3. The
low density suggests that this ‘super-Earth’ (based on a
mass threshold ofM sin i < 10M⊕) is more appropriately
described as a ‘sub-Neptune’.
The mass and radius of HD 97658b do not
uniquely specify a composition. We can however
rule out purely gaseous (hydrogen/helium) as well as
solid (ice/rock/iron), atmosphere-free planets using the
Fortney et al. (2007b) models. As shown in the mass-
radius diagram in Figure 6, HD 97658b has a lower bulk
density than all solid planet composition contours. An
atmosphere must contribute substantially to the radius
of this planet to explain the low density. Such an at-
mosphere could have been captured from nebular gas,
degassed during accretion, and/or degassed during sub-
sequent tectonic activity (Elkins-Tanton & Seager 2008;
Rogers et al. 2011). The gas component need not dom-
inate the mass fraction, however. Adams et al. (2008)
found that adding a H/He gas envelope equivalent to
0.2–20% of the mass of a solid 5M⊕ exoplanet increases
the radius 8–110% above the gas-free value. Atmospheres
dominated by heavier molecules such as H2O and N2 (as
on Earth) would swell the planet less for the same at-
mospheric mass because of the higher mean molecular
weight and reduced scale height.
HD 97658b and GJ 1214b have strikingly similar bulk
physical properties. The discovery mass of 6.55 ±
0.98 M⊕ and radius of 2.68 ± 0.13 R⊕ for GJ 1214
(Charbonneau et al. 2009) are within 1–σ of the values
we measured for HD 97658b (Table 4). This compari-
son is somewhat complicated by recent photometry by
Carter et al. (2011) which implies a planet radius of ei-
ther 2.65± 0.09R⊕ or 2.27 ± 0.08R⊕, depending on sys-
tematic errors from starspot dilution. Nevertheless, it is
instructive to consider models constructed for GJ 1214b
that assume a radius and mass similar to HD 97658b,
keeping in mind that HD 97658b has an equilibrium tem-
perature of 510–720 K for albedos A = 0–0.75, compared
with Teq = 393–555 K for GJ 1214b.
Rogers et al. (2011) considered three possible sources
for the atmosphere of GJ 1214b, which is required to ex-
plain its radius and mass. First, the gas could have been
H/He accreted from the protoplanetary nebula. Such an
atmosphere would only be 0.01–5% of the planet mass,
depending on the relative fractions of iron, silicates, and
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Figure 6. Planet radius versus mass for planets of approximately
Earth-size to Neptune-size. HD 97658b is shown in red, other
ground-based discoveries in black, Kepler/CoRoT discoveries in
green, and Solar System planets in blue. Solid gray lines mark
solid planet contours of pure ice (H20), pure rock (Mg2SiO4) ,
and pure iron (Fe) using the Fortney et al. (2007a,b) models. The
planets and measurements in this figure are: Kepler-4b = “K-4b”
(Borucki et al. 2010); Kepler-10b = “K-10b” (Batalha et al. 2011);
Kepler-11b–f = “K-11b–f” (Lissauer et al. 2011); CoRoT-7b = “C-
7b” (we adopt Le´ger et al. (2009) for Rp and Pont et al. (2011) for
Mp, but acknowledge that Hatzes et al. (2011) and others mea-
sured a higher mass using the same RVs); 55 Cnc e – an average
of Winn et al. (2011) and Demory et al. (2011) for Rp and Mp
derived from Fischer et al. (2008); Gl 436b (Maness et al. 2007;
Gillon et al. 2007); GJ 1214b (Charbonneau et al. 2009); HAT-P-
11b (Bakos et al. 2010); HAT-P-26b (Hartman et al. 2011).
water ice in the interior. Second, GJ 1214b could be
a water world with sublimated ices dominating the gas
layer. Such a planet would be at least 47% H2O by mass,
which is plausible for a planet of comet-like composition
formed beyond the ice line (Selsis et al. 2007). Third, if
a nascent atmosphere was lost, a secondary atmosphere
could have outgassed from the rocky interior. Such an
atmosphere would likely have low He content due to poor
sequestration in silicates.
Distinguishing between model atmospheres dominated
by H/He, H2O, and CO2 is in principle possible given
current measurement precision (Miller-Ricci & Fortney
2010). However, measurements of GJ 1214b across the
visible and near-IR have not revealed a coherent picture.
Bean et al. (2010) measured a flat, featureless spectrum
between 780 and 100 nm, which is inconsistent with a
cloud-less, H-dominated atmosphere. Spitzer measure-
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Figure 7. Three attributes of follow-up suitability for transit-
ing planets. Host star Ks-band magnitude (2.15 µm) is plotted
against V -band magnitude (0.55 µm) with symbol area propor-
tional to transit depth. Planets that produce deep transits of bright
stars are the most suitable for detailed follow-up with ground- and
space-based observatories. Only the transiting low-mass extraso-
lar planets in Figure 6 are shown. For the multi-transiting system
Kepler-11, the deepest transit (planet “e”) is shown. Kepler and
CoRoT planets are abbreviated with “K” and “C” prefixes.
ments at 3.6 and 4.5 µm by De´sert et al. (2011) are also
inconsistent with an H-dominated atmosphere and favor,
instead, a metal-rich (possibly H2O-rich) atmosphere.
Croll et al. (2011) cast doubt on this picture by mea-
suring different planet radii at 1.25 µm and 2.15 µm,
implying an atmospheric absorption feature consistent
with an H-dominated planet. More complicated mod-
els involving clouds, hazes, and non-equilibrium chem-
istry are compatible with these primary transit measure-
ments, although additional measurements sensitive to
H2O and CH4 features will offer important constraints
(Miller-Ricci Kempton et al. 2011).
We encourage follow-up measurements of HD 97658b
to confirm the transiting geometry, more accurately
measure Rp, and assess atmospheric composition.
HD 97658b has several attributes that make it attrac-
tive for detailed follow-up studies. As shown in Figure 7,
HD 97658 is the second brightest transiting super-Earth
host at visible (V -band) and near-IR (Ks-band) wave-
lengths, after 55 Cnc e (Winn et al. 2011; Demory et al.
2011). Transits are a factor of four deeper than for
55 Cnc e, but a factor of eight shallower than for GJ
1214b. In addition, HD 97658 is bright and close enough
for a precise interferometric measurement of R⋆ (e.g.,
von Braun et al. 2011), which will improve the precision
of the Rp measurement. A measurement of the spin-orbit
angle, which would offer clues to the formation and mi-
gration history of this planet, will be challenging but po-
tentially feasible. We predict a Rossiter-McLaughlin am-
plitude of ∼0.9 m s−1 for vrot sin irot ≈ vrot = 0.92± 0.05
kms−1 .
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